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BACKGROUND AND PURPOSE
Alterations in the tyrosine kinase enzyme RET are found in thyroid and lung cancer. While RET TK inhibitors (TKIs) are used to treat
thyroid cancer and are in clinical trials for RET fusion-positive non-small cell lung cancer, the impact of mutations in the RET kinase
domain on drug sensitivity is largely uncharacterized.

EXPERIMENTAL APPROACH
We identified and analysed mutations in the RET kinase domain that conferred resistance to the TKIs cabozantinib, lenvatinib,
vandetanib and nintedanib using RET kinase-dependent BaF3/KIF5B-RET (BaF3/KR) cells. We also examined the sensitivity of RET
(M918T), a RET mutation prevalent in aggressive multiple endocrine neoplasia type 2B, to these TKIs in the context of BaF3/KR
cells.

KEY RESULTS
Fourteen mutations were analysed. Pan resistance to the four TKIs was found in six RET kinase domain mutations (L730I, V738A,
V804L/M, Y806N, G810S). Seven RET kinase domain mutations (L730V, E732K, A807V, G810A, V871I, M918T, F998V) displayed
selective resistance to one or more of these drugs. L730I/V and G810A/S had different drug resistance profiles. V871I, M918T and
F998V mutations are located at distant sites away from the TKI binding pocket.

CONCLUSIONS AND IMPLICATIONS
A panel of TKI-resistant RET mutations were identified, and their drug sensitivities were cross-profiled. The results provide a ref-
erence for selecting appropriate TKIs to inhibit RET kinase domain mutants. Besides changes in the drug-interacting residues,
mutations at distant sites could exert long-range effects resulting in TKI resistance. Among the four TKIs analysed here, nintedanib
remained unaffected by mutations at the three distant sites.

Abbreviations
BaF3/KR, stable BaF3 cell line expression KIF5B-RET; BaF3/KRmut, stable BaF3 cell line expression KIF5B-RET mutant;
FMTC, familial medullary thyroid carcinoma; MEN2, multiple endocrine neoplasia type 2; MTC, medullary thyroid carci-
noma; NSCLC, non-small cell lung cancer; pRET, Tyr905 phosphorylated RET; PTK, protein TK; RET, rearranged during
transfection; TKI, TK inhibitor
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Introduction
The RET proto-oncogene encodes a transmembrane protein
tyrosine kinase (PTK) (Wells et al., 2013; Krampitz and
Norton, 2014). Missense mutations in RET cause multiple en-
docrine neoplasia type 2 (MEN2), which includes MEN2A,
MEN2B and familial medullary thyroid carcinoma (FMTC).
The main clinical presentation of MEN2 is medullary thyroid
carcinoma (MTC). Mutations in RET found in MEN2A are lo-
cated mostly at the sites of extracellular Cys residues, whereas
the p.Met918Thr (designated M918T) mutation in the cyto-
plasmic PTK domain is associated with more aggressive
MEN2B and is the most frequently detected RET mutation
in sporadic MTC (Kodama et al., 2005; Wells et al., 2013). In
addition to missense point mutations, oncogenic fusions of
RET are found in papillary thyroid carcinoma (PTC) (Mulli-
gan, 2014). More recently, RET fusions have been discovered
in 1–2% of non-small cell lung cancer (NSCLC) (Gainor and
Shaw, 2013; Kohno et al., 2013). KIF5B-RET is the most fre-
quently occurring RET fusion in NSCLC (Kohno et al.,
2015). RET fusion partners in PTC and NSCLC contain a
coiled-coil domain that induces dimerization and constitu-
tive activation of the RET. RET mutants and RET fusion pro-
teins are oncogenic as demonstrated by transformation of
cells in cultures and tumourigenesis in animal models (Pasini
et al., 1997; Takeuchi et al., 2012; Huang et al., 2016).

Cabozantinib, lenvatinib and vandetanib are
multi-kinase, protein tyrosine kinase inhibitors (TKIs) that se-
lectively inhibit VEGFR-2, RET and a few other PTKs such as
MET, KIT, FGF receptor FGFR1 and PDGFRs, depending
on the inhibitors. Cabozantinib and vandetanib have been
approved to treat advanced and metastatic MTC, whereas
lenvatinib is approved to treat recurrent, metastatic, progres-
sive, radioactive iodine-refractory differentiated thyroid
cancer (Mulligan, 2014; Mulligan, 2016). Earlier trials of
these drugs in thyroid cancer showed that patients treated
with these TKIs had increased progression-free survival (PFS)
(Wells et al., 2012; Elisei et al., 2013; Schlumberger et al.,
2015). More recent clinical studies of cabozantinib in MTC
have found that the drug increased overall survival
(Mulligan, 2016) and that the RET mutation-positive cohort
of MTC patients had the best PFS benefits from the
cabozantinib treatment (Sherman et al., 2016). This finding
suggests that MTC has oncogene addiction to the mutated
RET gene. Nevertheless, as we will present in this study, a
higher concentration of cabozantinib is required to inhibit
the RET (M918T) mutant kinase. Thus, the best possible clini-
cal benefit of targeting RET in MTC may not have been
achieved. The oncogenic RET fusion kinase has also been
targeted in ongoing clinical trials in NSCLCwith cabozantinib,
lenvatinib and vandetanib (Kohno et al., 2013). While the low
rate of RET fusions in NSCLC has limited the progress of pro-
spective clinical trials, objective response rates range from 16
to 53% in small phase II trials of cabozantinib and vandetanib
and a multiple centre clinical data analysis (Drilon et al., 2016;
Gautschi et al., 2017; Yoh et al., 2017).

Targeted cancer therapy with TKIs is subject to intrinsic
and acquired resistance. In EGFR- and anaplastic lymphoma
kinase (ALK)-targeted therapies in EGFR mutation-positive
and ALK fusion-positive NSCLC, a common mechanism of
acquired TKI resistance is secondary mutations in the kinase

domains that sterically block the binding of TKIs (Katayama
et al., 2012; Katayama et al., 2015; Riely and Yu, 2015). At
least some of these drug-resistant EGFR and ALK mutants
have been successfully inhibited by second and third genera-
tions of EGFR or ALK TKIs such as the EGFR inhibitor
osimertinib (Cross et al., 2014), or ALK inhibitors
alectinib, ceritinib (Katayama et al., 2015), lorlatinib
(Johnson et al., 2014; Zou et al., 2015) and brigatinib
(Sabari et al., 2017).

Because some MTC-associated sites of mutations are lo-
cated in the cytoplasmic PTK domain of RET, it is important
to know whether these mutations affect drug sensitivity.
Aside from the gatekeeper V804 mutations (Huang et al.,
2016), the impact of other PTK domain mutations on drug
sensitivity is mostly unknown. In NSCLC, RET fusion-
targeted TKI treatment may also lead to acquired resistance
due to secondarymutations in the RET kinase domain. An ad-
vantage of RET-targeted therapy is that several RET inhibitors
have already been identified (Gild et al., 2011; Song, 2015).
Because these TKIs have different chemical structures, a mu-
tation in the RET kinase domain may only induce resistance
to a subset of these TKIs, so that other RET TKIs may be used
to inhibit the activity of the mutant RET kinase.

Because cabozantinib, lenvatinib and vandetanib were
approved to treat advanced and metastatic MTC and were in
clinical trials of RET fusion-positive NSCLC (Kohno et al.,
2013), we used a random mutagenesis drug resistance selec-
tion method to find mutant RETs that conferred resistance
to these TKIs. We also identified nintedanib as a potent
RET inhibitor and found two nintedanib-resistant RET muta-
tions through long-term culture of KIF5B-RET-dependent
cells in medium containing nintedanib. The sensitivities of
these RETmutations, two RETmutations identified in a previ-
ous study (Huang et al., 2016) and the MEN2B-associated RET
(M918T) mutation, were then cross-profiled against these
four TKIs to reveal their drug resistance/sensitivity profiles.

Methods

Random mutagenesis
To generate a pool of random mutations of KIF5B-RET, a
lentiviral plasmid encoding KIF5B-RET (pLentP-KR, 1 μg)
(Huang et al., 2016) was transformed into 100 μL of XL1-
Red competent cells and plated onto ten 10 cm lysogeny
broth/ampicillin agar plates, which yielded>50 000 colonies.
Plasmid DNA was prepared from the pool of ampicillin-
resistant XL1-Red bacteria. One-tenth of DNA was amplified
in Stbl3 bacteria. Then 2% of the amplified DNA was used to
generate lentiviruses encoding the KIF5B-RET mutation pool
by co-transfection of 293T cells with pLentP-KR mutation
pool DNA, psPAX2 and pMD2.G using lipofectamine 3000.

Identification of drug-resistant mutations from
the random mutation pool
BaF3 cells (1 × 107 cells) (Huang et al., 2016) were cultured in
RPMI-1640/10% FBS/1 ng·mL�1 mouse IL-3 and infected
with the lentiviruses prepared above. Infected cells were
selected with puromycin (1 μg·mL�1) for 2 weeks in RPMI-
1640/10% FBS/1 ng·mL�1 IL-3 medium. Next, puromycin-
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resistant cells were cultured in IL-3-free medium for 1 week to
select IL-3-independent cells. The puromycin-resistant, IL-3-
independent cells were divided into three portions and then
cultured in semi-solidMethoCult H4100methylcellulose cul-
tures (Stemcell Technologies, Cambridge, MA, USA) in RPMI-
1640/10% FBS in the presence of cabozantinib (1.0 μM),
lenvatinib (1.3 μM) or vandetanib (4.0 μM). These drug
concentrations were ~5-fold of previously determined IC50

concentrations (Huang et al., 2016). Colonies of drug-
resistant cells were isolated, and the cells were expanded in
RPMI-1640/10% FBS medium. Genomic DNA was prepared
from individual cell lines. Both strands of the human RET
kinase domain in the KIF5B-RET cDNA construct were se-
quenced. The RET amino-acid sequence numbering was
based on the GenPept entry NP_066124.

Identification of nintedanib-resistant
mutations
Ten T-75 flasks of BaF3/KR cells (2 × 107 cells per flask) were
cultured in RPMI-1640/10% FBS medium plus stepwise in-
creased concentrations of nintedanib at 0.2, 0.4, 0.8, 1.6,
2.4 and 3.2 μM over the course of 4 months. Genomic DNA
were isolated from the surviving cells starting at 0.4 μM
nintedanib, and the KIF5B-RET kinase domain-coding region
was sequenced to examine mutation(s). After identification
of drug-resistant mutations, KIF5B-RET plasmid constructs
containing the mutations were made by replacement with re-
striction fragments containing the mutations. BaF3/KRmut
cells were made from lentiviruses encoding the mutated
KIF5B-RET and were used to validate the drug resistance of
these mutants and to profile their sensitivity to TKIs.

Cell lines, drug sensitivity assay and
immunoblotting
BaF3 cell lines containing mutations in the KIF5B-RET kinase
domain used in inhibitor profiling were recreated by infect-
ing BaF3 cells with lentiviruses containing individual RET
mutations. Briefly, a KIF5B-RET cDNA containing an identi-
fied RET mutation was generated by replacing the KIF5B-
RET cDNA restriction fragment with the corresponding
DNA fragment isolated from the BaF3 cell line harbouring
that mutation. The KIF5B-RET coding sequence containing
the RET (M918T) mutation was generated by site-directed
mutagenesis using PCR. The KIF5B-RET mutation cDNA was
then subcloned into a lentiviral plasmid (pLentP). Lentivi-
ruses were then prepared and used to infect BaF3 cells. The in-
fected cells were selected by culturing them in RPMI-1640/
10% FBS plus 1 ng·mL�1 puromycin in the absence of IL-3.

The cell viability assay was performed using CellTiter-Glo re-
agent (Promega, Madison, WI, USA) as described previously
(Huang et al., 2016), except that viable cellsweremeasured3days
after drug treatment. IC50 data of BaF3/KR and BaF3/KRmut cells
were from five to seven experiments performed in two or three
technical replicates. For immunoblotting analysis of RET, cells
were treated with a drug for 4 h at the concentrations indicated
in the figure legends. Cell lysate preparation and analysis by
immunoblotting were performed as described previously
(Huang et al., 2016; Shen et al., 2017). Results of immunoblots
were confirmed in independent experiments.

In vitro kinase assay
In vitro IC50 values were determined by a contract service
(Reaction Biology, Malvern, PA, USA) using affinity-purified
recombinant RET kinase domain proteins (amino-acid resi-
dues 658–1114 of RET with N-terminal GST tag) produced
by baculoviruses in insect cells and a 10-dose IC50 assay. The
reaction mixture contained 20 mM HEPES, pH 7.5, 10 mM
MaCl2, 1 mM EGTA, 0.02% Brij35, 0.02 mg·mL�1 BSA,
0.1 mM Na3VO4, 2 mM DTT, 1% DMSO, 10 μM [32P]-ATP
and 20 μM CHKtide (KKKVSRSGLYRSPSMPENLNRPR), plus
recombinant RET proteins. Phosphorylated peptide was de-
tected by a filter-binding method. Kinase activity was
expressed as the % remaining kinase activity in test samples
compared with vehicle (DMSO) reactions.

Flow cytometric analysis
BaF3/KR and BaF3/KR (E732K) cells (2 × 105 cells each) were
cultured in RPMI-1640/10% FBSmedium and treated with ve-
hicle or the indicated TKI (0.3 μM) for 48 h. After drug treat-
ment, cells were washed in cold PBS and then processed for
binding to FITC-conjugated annexin V/propidium iodide
using the FITC Annexin V/Dead Cell Apopotosis Kit
(Invitrogen, Waltham, MA, USA) according to the manufac-
turer’s instructions. Stained cells were analysed using a
Stratedigm S1000 flow cytometer (n = 6).

Molecular modelling
The programme PyMOL (Schrodinger LLC, Cambridge, MA,
USA) was used to examine the RET-vandetanib co-crystal
structure (PDB: 2ivu) (Knowles et al., 2006) and to prepare
the molecular artwork.

Data analysis
Curve fitting was performed as described previously (Scott
et al., 2011) using the GraphPad Prism 6 software to obtain
the IC50 values and 95% confidence intervals of the IC50

value. Comparison of IC50 values or apoptotic cells in flow
cytometric analysis was performed using Student’s unpaired
t-test with Welch’s correction. A difference in IC50 values
with P < 0.05 was considered statistically significant. The
data and statistical analysis comply with the recommenda-
tions on experimental design and analysis in pharmacology
(Curtis et al., 2018).

Materials
XL1-Red competent cells were obtained from Agilent (Santa
Clara, CA, USA). Mouse IL-3 was purchased from PeproTech
(Rocky Hill, NJ, USA). Cabozantinib, lenvatinib and vandeta-
nib were procured from LC Laboratories (Woburn, MA, USA).
Nintedanib was either obtained from LC laboratories or pro-
vided by Boehringer Ingelheim (Vienna, Austria).

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al.,
2018), and are permanently archived in the Concise Guide
to PHARMACOLOGY 2017/18 (Alexander et al., 2017).
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Results

Identification of TKI-resistant RET kinase
mutations
To discover TKI-resistant RET mutations, we used an
Escherichia coli strain (XL1-Red) deficient in DNA repair to
generate a pool of random mutations of KIF5B-RET cDNA.
We then expressed a sample of this cDNA pool in BaF3 cells
and selected TKI-resistant cells by culturing the lentivirus-
infected BaF3 cells in IL-3-free medium with the selected
drugs. BaF3 cells depend on IL-3 for cell survival and prolifer-
ation. KIF5B-RET can confer BaF3 cells to survive and grow in-
dependently of IL-3, but this requires RET PTK activity
(Huang et al., 2016). Thus, BaF3 cells expressing KIF5B-RET
(BaF3/KR) provide an excellent cell model for identification
of RET TKI-resistant mutations (Huang et al., 2016). DNA
was prepared from each of TKI-resistant BaF3/KRmut cells,
and the RET kinase domain coding sequence was analysed
to identify TKI-resistant mutations.

Cabozantinib, lenvatinib and vandetanib have been ap-
proved by the United States Food and Drug Administration
(FDA) for treating advanced and metastatic thyroid cancer
(Mulligan, 2014; Schlumberger et al., 2015). These three drugs
were also used in clinical studies of RET fusion-positive
NSCLC (Kohno et al., 2013). Thus, we focused on identifying
mutations resistant to these three TKIs.

We used ~5-fold of previously determined IC50 concentra-
tions of cabozantinib, lenvatinib or vandetanib (Huang et al.,
2016) to select drug-resistant cell colonies in semi-solidmeth-
ylcellulose cultures. Eighty-six drug-resistant cell colonies
were isolated from the semi-solid cell cultures and expanded
into cell lines. Genomic DNA was prepared from each cell
line, and the coding region of the KIF5B-RET kinase domain
was sequenced to identify mutations. As shown in Table 1,
55 cell lines had mutations at nine sites in the RET kinase do-
main. The double mutant G810S/G949R was found in two
vandetanib-resistant cell lines (in both cell lines, the double

mutations occurred in cis), while the remaining resistant cell
lines had single-site mutations. Thirty-one cabozantinib-
resistant cell lines did not have mutation in the KIF5B-RET
kinase domain. The RET kinasemutation-independentmech-
anism of cabozantinib resistance was not further investi-
gated. Of note, in a previous study, we also isolated BaF3/KR
cell line resistance to vandetanib that did not have mutation
in the RET kinase domain (Huang et al., 2016).

To confirm that these point mutations in the RET kinase
domain cause TKI resistance, we reconstructed lentiviruses
encoding each of the single-site mutations in KIF5B-RET
(Supporting Information Figure S1). BaF3 cells were infected
with this panel of lentiviruses that encode mutations at sin-
gle sites in the KIF5B-RET kinase domain. The re-established
BaF3/KRmut cell lines were then assayed for sensitivities to
cabozantinib, lenvatinib and vandetanib, respectively. We
designated drug resistance as a ≥2-fold increased IC50 with a
P < 0.05. This is because the drug response curves of
BaF3/KR cells were nearly symmetrical and 2× IC50 resulted
in >90% inhibition of BaF3/KR cells in our assays (Figure 1).
As presented in Table 2, the results showed that L730I,
E732K and V871I mutations were resistant to cabozantinib.
V738A, A807V and F998V were resistant to lenvatinib.
G810S was resistant to vandetanib. Y806N was resistant to
all three TKIs used in the drug-resistant mutation selection.
The G949R mutation was identified as G810S/G949R double
mutations. The G810S mutation was sufficient to confer
vandetanib resistance, and the BaF3/KR (G810S/G949R) cell
lines had similar sensitivity to vandetanib as BaF3/KR
(G810S) cells (Supporting Information Figure S2). Because
of this and because it would be somewhat difficult to recre-
ate the G810S/G949R double mutants due to the lack of an
appropriate restriction site for subcloning, we did not recre-
ate the G810S/G949R double mutations or further evaluate
the drug resistance of the G949R mutation. Thus, the eight
evaluated RET kinase point mutations were all confirmed
as conferring drug resistance to the specific TKI that was
used to identify them.

Drug-resistant KIF5B-RET mutant kinases
resist TKI inhibition
RET Tyr-905 phosphorylation (pRET) is a marker of KIF5B-
RET activity (Kohno et al., 2012; Huang et al., 2016). To deter-
mine whether the resistance to cabozantinib, lenvatinib and
vandetanib of BaF3/KRmut cells was directly related to the re-
sistance of KIF5B-RET mutant kinases in these cells to the
TKIs, we selected the two most frequently detected TKI-
resistant mutants for each TKI from our random mutation
pool (Table 1) and tested their sensitivities to the correspond-
ing TKI. The IC50s of cabozantinib in BaF3/KR, BaF3/KR
(L730I) and BaB3/KR (Y806N) cells were 0.24, 2.96 and
4.76 μM respectively (Table 2 and Figure 1A). pRET immuno-
blotting analysis indicated that the sensitivity to
cabozantinib was KIF5B-RET > KIF5B-RET (L730I) > KIF5B-
RET (Y806N) (Figure 1A). The sensitivity of pRET to
lenvatinib was KIF5B-RET > KIF5B-RET (Y806N) = KIF5B-
RET (V738A), which corresponded to a similar extent of resis-
tance of BaF3/KR (Y806N) and BaF3/KR (V738A) cells to
lenvatinib (IC50s: 0.19 μM vs. 1.93 and 2.35 μM; Table 2 and
Figure 1B). Similarly, in agreement with the similar extent of

Table 1
Drug-resistant mutation counts in BaF3/KRmut cell lines

Mutation

Protein TK inhibitor

CBT LVT VDT Total

L730I 2 – – 2

E732K 1 – – 1

V738A – 3 – 3

Y806N 2 22 19 43

A807V – 1 – 1

G810S – – 1 1

V871I 1 – – 1

F998V – 1 – 1

G810S/G949R – – 2 2

No mutation 31 – – 31

Total mutations 6 27 22 55

Total cell lines 37 27 22 86

CBT, cabozantinib; LVT, lenvatinib; VDT, vandetanib.
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resistance to vandetanib of BaF3/KR (Y806N) and BaF3/KR
(G810S) cells (IC50s: 0.42 μM in BaF3/KR vs. 5.86 and
5.47 μM in the two cell lines with RET kinase mutations),
the sensitivity of inhibiting pRET by vandetanib was KIF5B-
RET > KIF5B-RET (Y806N) = KIF5B-RET (G810S) (Figure 1C).

Nintedanib is a potent RET kinase inhibitor
Nintedanib inhibits three angiokinases (VEGFR, FGFR and
PDGFR) and is approved by the FDA for the treatment of idio-
pathic pulmonary fibrosis (Hilberg et al., 2008; Roth et al.,
2009; Roth et al., 2015). Because RET kinase inhibitors
cabozantinib, lenvatinib and vandetanib are multi-kinase in-
hibitors with similar PTK selectivity profiles that preferen-
tially inhibit angiokinases, we tested whether nintedanib
could also inhibit RET. As shown in Figure 2A and Table 2,
nintedanib inhibited the KIF5B-RET-dependent BaF3/KR cells

with an IC50 of 0.14 μM. In the parental BaF3 cells cultured
with IL-3, the IC50 of nintedanib was 1.64 μM (Figure 2A).
Thus, an approximately 12-fold higher concentration was re-
quired for nintedanib to inhibit the IL-3-dependent BaF3
cells, demonstrating the specificity of nintedanib in
inhibiting the KIF5B-RET-dependent BaF3 under IL-3-free
conditions. Immunoblotting analysis of BaF3/KR cells treated
with various concentrations of nintedanib detected pRET in-
hibition at the lowest nintedanib concentration tested
(0.1 μM; Figure 2B). Consistently, in vitro kinase assay results
showed that nintedanib inhibited recombinant RET kinase
with an IC50 of 0.67 ± 0.22 nM (mean ± range, n = 3; Table 3
and Supporting Information Figure S3). In parallel experi-
ments, the IC50s of cabozantinib, lenvatinib and vandetanib
in in vitro RET kinase assay were 14.7 ± 4.5, 2.8 ± 1.0 and
7.6 ± 2.0 nM (mean ± range, n = 2; Table 3) respectively. These

Figure 1
Dose-dependent inhibition of BaF3 cells expressing KIF5B-RET and its RET kinase domainmutants. Left panels, BaF3/KR and indicated BaF3/KRmut
cells were treated with (A) cabozantinib, (B) lenvatinib or (C) vandetanib for 3 days, and the relative numbers of viable cells were determined.
Right panels, cells were treated with indicated concentrations of drugs for 4 h, and cell lysates were analysed by immunoblotting with the indi-
cated antibodies. CBT, cabozantinib; LVT, lenvatinib; VDT, vandetanib; WT, wild-type.
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data indicate that nintedanib is a highly potent RET kinase in-
hibitor. During the course of this study, nintedanib was also
identified as an RET TKI by other groups (Gautschi et al.,
2017; Hilberg et al., 2018).

To identify nintedanib-resistant RET mutations, we cul-
tured 10 flasks of BaF3/KR cells (2 × 107 cells each) with step-
wise increased concentrations of nintedanib from 0.2 to
3.2 μM. Analysis of survival cell lines identified L730V and
L730V/V804M double mutations (Figure 2C, D and
Supporting Information Table S1). In two cell lines (#8 and
#9), the L730V mutation was found in 1.6 μM nintedanib-
resistant cells, whereas L730V/V804M double mutations
were found in 2.4 μM nintedanib-resistant cells (Supporting
Information Table S1). Thus, KIF5B-RET evolved from the
L730V single mutation to the L730V/V804M double muta-
tion in the presence of higher concentrations of nintedanib.
The L730V/V804M double mutation was observed in single
cDNA clone, indicating that these twomutations occur in cis.

Sensitivity of RET kinase mutants to TKIs
In addition to the RET mutations identified above, we had
previously identified RET V804L and G810A mutations
(Huang et al., 2016). Using the panel of these 13 KIF5B-RET-
dependent BaF3/KRmut cell lines, we cross-profiled their sen-
sitivities to cabozantinib, lenvatinib, vandetanib and
nintedanib. The results are shown in Table 2.

The L730I, V738A, V804L/M, Y806N and G810S mutants
were pan resistant to the four TKIs. The L730V/V804M double
mutant had higher degrees of drug resistance to all four TKIs
than did the L730V or V804M single-site mutant. Except for
the G810A mutant, all other mutants were resistant to
cabozantinib. L730VandE732Kmutants and the previously re-
ported G810A mutant were sensitive to lenvatinib, while the

other mutants were resistant to lenvatinib. The cabozantinib-
resistant E732K mutant was sensitive to vandetanib. The
F998V mutant slightly affected (<2-fold) vandetanib sensitiv-
ity, whereas the othermutantswere resistant to vandetanib. Ex-
cept for the six pan-resistant mutants, the other five mutants
(E732K, A807V, G810A, V871I and F998V) were sensitive to
nintedanib (Table 2 and Figure 2D, E).

The TKI-resistant mutants that we identified included
changes at seven sites that line the TKI binding pocket.
The L730, E732 and V738 residues of the RET kinase are lo-
cated in the glycine (Gly)-rich loop (L730-G-E732-G-E-F-G-K-
V738) of RET kinase that makes up the N-lobe wall of the
TKI binding pocket (Figure 3A). L730 and V738 are con-
served residues (Plaza-Menacho et al., 2014). In the RET-
vandetanib co-crystal structure (PDB: 2ivu), the hydropho-
bic side chains of L730 and V738 are close to each other
and provide the upper wall of the binding pocket that packs
against the quinazoline and bromofluorophenyl moieties of
vandetanib (Figure 3B). The side chain of V730 makes
favourable van der Waals interactions with one face of the
six-membered ring of the quinazoline group that is com-
posed of only carbon atoms. The side chain of V738 makes
van der Waals contacts with one face of the terminal
bromofluorophenyl ring. The side chains of V804 and Y806
make up the side wall of the binding pocket. On the under-
side of vandetanib, the side chain of A807 contacts the cen-
tral quinazoline rings, and the side chain of V804 contacts
the bromofluorophenyl ring. The mutations at these seven
sites either introduced bulkier side chains that would inter-
fere with the binding of the drug or otherwise altered the
drug–protein interaction.

The side chain of E732 is exposed to the solvent; the
carboxylate group of this side chain is absent in the crystal

Table 2
TKI sensitivity profiles of RET kinase domain mutations

Mutation

IC50 (μM)a

Cabozantinib Lenvatinib Vandetanib Nintedanib

WT 0.24 (0.21 to 0.27) 0.19 (0.18 to 0.21) 0.42 (0.35 to 0.48) 0.14 (0.13 to 0.15)

L730I 2.96 (2.80 to 3.13) 1.07 (1.03 to 1.12) 1.92 (1.79 to 2.06) 0.84 (0.81 to 0.89)

L730V 2.37 (2.28 to 2.47) 0.23 (0.21 to 0.25) 1.09 (1.04 to 1.14) 0.80 (0.77 to 0.84)

L730V/V804M 7.37 (7.21 to 7.53) 9.41 (7.93 to 10.89) 5.13 (4.89 to 5.16) 1.58 (1.48 to 1.68)

E732K 1.15 (1.08 to 1.21) 0.16 (0.15 to 0.17) 0.49 (0.44 to 0.55) 0.17 (0.16 to 0.18)

V738A 1.20 (1.16 to 1.25) 2.35 (2.26 to 2.45) 1.05 (0.95 to 1.14) 0.92 (0.86 to 0.98)

V804L 3.22 (3.00 to 3.45) 10.60 (9.19 to 12.01) 6.10 (5.82 to 6.34) 0.58 (0.51 to 0.64)

V804M 4.26 (4.01 to 4.50) 5.42 (4.92 to 5.93) 5.83 (5.57 to 6.09) 0.86 (0.80 to 0.92)

Y806N 4.76 (4.54 to 4.94) 1.93 (1.84 to 2.02) 5.86 (5.60 to 6.11) 0.91 (0.85 to 0.97)

A807V 0.57 (0.52 to 0.62) 0.54 (0.50 to 0.58) 1.05 (0.92 to 1.18) 0.12 (0.11 to 0.13)

G810A 0.22 (0.21 to 0.24) 0.11 (0.10 to 0.12) 2.76 (2.53 to 3.00) 0.13 (0.11 to 0.14)

G810S 1.05 (0.93 to 1.17) 0.67 (0.64 to 0.70) 5.47 (5.23 to 5.68) 0.56 (0.51 to 0.61)

V871I 1.07 (0.98 to 1.17) 0.52 (0.51 to 0.54) 1.00 (0.95 to 1.05) 0.18 (0.17 to 0.19)

F998V 0.74 (0.68 to 0.80) 0.87 (0.80 to 0.94) 0.77 (0.73 to 0.81) 0.14 (0.13 to 0.15)

M918T 1.57 (1.41 to 1.74) 1.42 (1.27 to 1.59) 1.83 (1.57 to 2.08) 0.24 (0.22 to 0.26)

Black: resistant; red: non-resistant.
aThe values are mean and 95% confidence intervals.

Drug sensitivity profiles of RET kinase mutations

British Journal of Pharmacology (2018) 175 3504–3515 3509



structure (Figure 3B). E732 is not a conserved residue in the
Gly-rich loop of PTKs. E732K was identified as a
cabozantinib-resistant mutation in our library of mutations

(Table 1). While BaF3/KR (E732K) cells were resistant to
cabozantinib, they remained sensitive to lenvatinib, vandet-
anib and nintedanib (Table 2). Consistently, apoptotic assays

Figure 2
Analysis of effects of nintedanib in BaF3, BaF3/KR and BaF3/KRmut cells. (A) The IL-3-dependent BaF3 cells were cultured inmedium containing IL-
3, while the IL-3-independent BaF3/KR cells were cultured in IL-3-free medium. These cells were treated with various concentrations of nintedanib
for 3 days, and relative numbers of viable cells were determined. (B) BaF3/KR cells were treated with the indicated concentrations of nintedanib for
4 h, and cell lysates were analysed by immunoblotting with the indicated antibodies. (C) Comparison of the inhibitory activities of nintedanib on
BaF3/KR, BaF3/KR (L730V) and BaF3/(L730V/V804M) cells. (D and E) BaF3/KR and the indicated BaF3/KRmut cells were treated with nintedanib
for 4 h at the indicated concentrations, and cell lysates were analysed by immunoblotting with the indicated antibodies. NTD, nintedanib.

Table 3
Inhibition of RET and RET (M918T) kinases in vitro

TKI Experiment

IC50 (nM)

RET RET (M918T)
Fold change
(M918T per wt)

Fold change
(mean ± range)

Cabozantinib
1 10.2 30.9 3.0

2.3 ± 0.7
2 19.1 29.7 1.6

Levatinib
1 1.8 9.7 5.4

4.4 ± 1.0
2 3.7 12.6 3.4

Vandetanib
1 5.6 15 2.7

2.2 ± 0.5
2 9.5 15.6 1.6

Nintedanib
1 0.45 0.52 1.2

1.0 ± 0.1
2 0.89 0.77 0.9
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showed that BaF3/KR (E732K) cells were resistant to
cabozantinib-induced apoptosis, whereas they were sensitive
to apoptosis induced by lenvatinib, vandetanib and
nintedanib (Figure 4). The RET E732 equivalent residue is a
lysine in RON and an arginine in VEGFR1/2 and MET
(Plaza-Menacho et al., 2014), so the charge of the side chain
at this solvent-accessible site is not conserved. Interestingly,
the reported cabozantinib IC50 for RON is 124 nM, whereas
the IC50s for VEGFR2, MET and RET were 0.035, 1.3 and
5.3 nM respectively (Yakes et al., 2011).

V804 is the gatekeeper residue in RET, while Y806, A807
and G810 are in the hinge strand connecting the N-lobe (res-
idues 713–805) and the C-lobe (residues 812–1013) of the ki-
nase and form the back wall of the vandetanib binding pocket
(Figure 3B). Unsurprisingly, the V804L/M gatekeeper mutants
were resistant to the four TKIs. Among six mutations
analysed in this area, the lenvatinib-resistant mutant A807V
had less effect on cabozantinib and vandetanib compared
with the V804L/M, Y806N and G810S mutations and did
not affect nintedanib sensitivity (Table 2). In addition to the
previously identified vandetanib-resistant G810A mutation
(Huang et al., 2016) that blocks the entrance of the binding
site, we isolated the G810S mutation. G810S mutation re-
sulted in resistance to all four TKIs, but the smaller Ala substi-
tution to G810 was able to accommodate cabozantinib,
lenvatinib and nintedanib.

V871 and F998 are located on the C-lobe and are distant
from the drug binding pocket (Figure 3A). The single-site mu-
tants V871I and F998V were resistant to cabozantinib and
lenvatinib (Table 2). The V871I mutant was resistant to van-
detanib, and the F998V mutant had slightly reduced

sensitivity to vandetanib. We then examined pRET levels in
BaF3/KR, BaF3/KR (V871I) and BaF3/KR (F998V) cells treated
with these drugs. In agreement with the results from the cell
viability assay, data from the pRET immunoblotting analysis
indicated that the V871I and F998V mutants were resistant
to cabozantinib, lenvatinib and vandetanib (Supporting
Information Figure S4). These data suggested that changes
in the side chains at these distant sites induce conformational
changes at the drug binding pocket.

Effects of the M918T mutation on drug
sensitivity
The RETM918Tmutation is found in themajority of sporadic
MTC and is associated with the more aggressive form of
MEN2B. Because the M918T mutation is prevalent in MTC,
it is critical to identify RET TKIs that preferentially inhibit
this mutant or that are at least as potent in inhibiting RET
M918T as they are at inhibiting the wild-type RET. The
M918 residue is also located in the C-lobe at a position out-
side of the TKI binding pocket (Figure 3A). Our findings that
the V871I and F998Vmutations could induce a long-range ef-
fect on drug sensitivity prompted us to examine the effect of
M918T mutation on the sensitivity of these drugs.

As shown in Table 2, IC50s of cabozantinib, lenvatinib,
vandetanib and nintedanib in BaF3/KR (M918T) cells were
6.5-fold, 7.5-fold, 4.3-fold and 1.7-fold, respectively, higher
than in BaF3/KR cells. Immunoblotting analysis showed
that cabozantinib and lenvatinib were less effective in re-
ducing pRET at the tested concentrations (Supporting
Information Figure S5). We then determined the IC50s of

Figure 3
Structural analysis of the drug binding site in RET kinase. The crystal structure of 2iuv (Knowles et al., 2006) was used to make the images. The N-
lobe is at the top. The C-lobe is at the bottom. (A) C-α trace of the TK domain of RET is shown in grey. Vandetanib is shown in red as sticks. The wild-
type side chains at the mutated sites are shown as sticks. Site 810 is a glycine (Gly). Mutation sites in the vandetanib binding pocket are shown in
green, whereas distant mutation sites are shown in cyan. The Gly-rich loop is coloured magenta. The activation loop is coloured dark green. (B)
Close up of the drug binding site. Vandetanib is shown as sticks and spheres with the carbon atoms coloured magenta, oxygen atoms coloured
red, nitrogen atoms coloured blue, the fluorine atom coloured cyan and bromine atom coloured brown. N-lobe (residues 713–805) is coloured
grey, the C-lobe (residues 812–1013) is coloured cyan and the intervening hinge between the two domains is coloured orange.
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these compounds for the recombinant kinase domain of RET
and RET (M918T) in an in vitro kinase assay. The in vitro kinase
activity assays of RET and RET (M918T) were performed in
parallel to minimize potential experimental variation. The re-
sults showed that the in vitro IC50s of cabozantinib,
lenvatinib, vandetanib and nintedanib for RET (M918T)
kinase were 2.3-fold, 4.4-fold, 2.2-fold and 1.0-fold, respec-
tively, of that for the wild-type RET kinase (Table 3).

For comparison, we compared the sensitivities of RET
(WT), RET (V804L) and RET (V804M) kinases to nintedanib
in a separate in vitro kinase experiment. The result showed
that the V804L and V804M gatekeeper mutants had 3.6-fold
and 29.9-fold, respectively, increases in nintedanib IC50s
(Supporting Information Figure S3).

Discussion
Missense mutations in the RET kinase domain are found
in MTC and FMTC. Moreover, acquired resistance to RET

kinase-targeted therapies is predicted to involve mutations
in the RET kinase domain in NSCLC. In the present study,
we identified mutations in the RET kinase domain that
induced resistance to cabozantinib, lenvatinib, vandetanib
or nintedanib, and we cross-profiled the drug sensitivity
of 13 single mutants and one double mutant. The resi-
dues where mutations were identified are conserved be-
tween human and mouse RET proteins. These results
provide a ready reference for the effects of these RET ki-
nase domain mutations on the drug sensitivities of four
RET TKIs.

While the four TKIs studied here had low nanomolar to
subnanomolar IC50s for RET or RET mutants in kinase as-
says in vitro, their IC50s in BaF3/KR or BaF3/KRmut cells
were >100 nM. Thus, higher concentrations of these TKIs
were needed to inhibit RET phosphorylation in the cells
and KR-dependent BaF3 cell survival/proliferation. The dif-
ference between IC50s in in vitro kinase and cell-based as-
says may be due to higher intracellular concentration of
ATP (~1 mM) than that used in the in vitro kinase assay

Figure 4
Comparison of apoptosis in BaF3/KR and BaF3/KR (E732K) induced by cabozantinib, lenvatinib, vandetanib and nintedanib. (A) Cells were treated
with the indicated TKIs for 24 h, and cell lysates were analysed by immunoblottingwith antibodies to cleaved PARP or β-actin. (B) Cells were treated
with vehicle, cabozantinib or lenvatinib for 48 h, stained with annexin V/propidium iodide and analysed by flow cytometry (n = 6). WT, wild-type.
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(10 μM) and other contributing factors of drug
uptake/degradation in the cells.

Not surprisingly, 10 of these TKI-resistant mutations were
located in the Gly-rich loop (L730, E732 and V738), the gate-
keeper residue (V804) or the hinge strand (Y806, A807 and
G810) that comprise approximately two-thirds of the drug
binding pocket in the co-crystal structure of RET-vandetanib
(PDB: 2ivu). The single-site mutants V804L, V804M and
Y806C are found in patients with MEN2 and FMTC (Wells
et al., 2013; Krampitz and Norton, 2014). We have not found
mutations in the C-lobe residues that line the remaining
third of the drug binding pocket. One possibility is that
these residues include conserved PTK residues, such as the
conserved DFG residues N-terminal to the activation loop.
A change in these residues may render the kinase inactive.
Another possibility is that we have not exhausted our char-
acterization of TKI-resistant RET mutations. In fact, we only
analysed a sample of the pool of random mutations of the
KIF5B-RET cDNA generated in the present study. For exam-
ple, a mutation at L881, a vandetanib-interacting residue,
was found in FMTC (Wells et al., 2013). This finding sug-
gests that the RET kinase can tolerate amino-acid substitu-
tions at this site.

While L730I caused pan resistance to the four TKIs, L730V
had a lesser effect on lenvatinib sensitivity (Table 2). Simi-
larly, whereas G810S mutation caused pan resistance,
G810A only induced resistance to vandetanib. These observa-
tions illustrate that different amino-acid substitutions of the
same site could have different consequences for drug resis-
tance. Therefore, not only the site in the kinase but also the
identity of the substituting amino acid should be considered
when evaluating drug sensitivity.

Although they occur less frequently, double mutations in
the RET kinase domain have been observed previously
(Krampitz and Norton, 2014). We identified L730V/V804M
double mutations as nintedanib-resistant mutations. The
nintedanib IC50 for the L730V/V804M double mutant
(1.58 μM) was greater than the nintedanib IC50s for L730V
mutant (0.80 μM) and the V804Mmutant (0.86 μM), indicat-
ing that the double mutation can tolerate a higher concentra-
tion of the drug.

Remarkably, two of the drug-resistant mutations that we
identified (V871I and F998V) were located at distant sites in
the large C-terminal lobe away from the TKI binding pocket,
indicating that these mutations could exert a long-range ef-
fect on the structure of the drug binding pocket in the RET ki-
nase domain. Significantly, we found that the prevalent
MEN2B-associated RET (M918T) mutation, which is also lo-
cated at a distant site in the C-lobe, also induced resistance
to cabozantinib, lenvatinib and vandetanib.

A note of caution is that the RET (M918T) mutation is
found in the context of full-length RET protein in MTC,
whereas our data were obtained from BaF3-derived cells ex-
pressing KIF5B-RET fusion proteins and recombinant RET ki-
nase domain proteins in vitro. We have not ruled out the
possibility that the full-length RET and the KIF5B-RET fusion
proteins or the kinase domain protein fragments may react
differently towards ATP and RET kinase inhibitors.

Interestingly, a clinical trial of lenvatinib in advanced
MTC found that the RET mutation status (87.5% of RET mu-
tations in that study were M918T) did not correlate with the

therapeutic response (Schlumberger et al., 2016). Our finding
that the RET (M918T) mutant’s de novo resistance to
lenvatinib offers a potential underlying mechanism to ex-
plain this clinical observation. Significantly, we found that
nintedanib was not affected by the M918T mutation or by
the V871I and F998V mutations in the C-lobe. This finding
raises the possibility that nintedanib may be a more effective
drug for treating RET (M918T)-positive MTC.
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Figure S1 Comparison of RET mutants expressed in stable
BaF3 derived cell lines. Cell lysates of indicated cell lines were
prepared and equal amounts of protein were analyzed by im-
munoblotting with antibodies to the Flag-tag or actin.
Figure S2 Comparison of sensitivities to vandetanib be-
tween BaF3/RET (G810S) and two vandetanibresistant
BaF3/RET (G810S/G949R) cell lines. Experiments were per-
formed as described in the Methods section of the main text.
Figure S3 Comparison of inhibiting RET, RET (V804L), and
RET (V804M) kinase activity by nintedanib in vitro. The
in vitro kinase assay was performed as a commercial service
by Reaction Biology (Malvern, PA) in parallel 10-dose IC50
singlet assay, with 3-fold serial dilution starting at 10 μM.
Curve fitting was as described (Scott et al., 2011).
Figure S4 Immunoblot analysis of pRET in BaF3/KR,
BaF3/KR (V871I), and BaF3/KR (F998V) cells after TKI treat-
ment. (A) BaF3/KR and BaF3/KR (V871I) cells were treated
with cabozantinib, lenvatinib, or vandetanib at the indicated
concentrations for 4 h. Cleared cell lysates were analyzed by
immunoblotting with indicated antibodies. (B) BaF3/KR and
BaF3/KR (F998V) cells were treated and analyzed as in (A).
Figure S5 Inhibition of KR and KR (M918T) kinase activities
in BaF3/KR and BaF3/KR (M918T) cells by cabozantinib,
lenvatinib, vandetanib, and nintedanib. Cells were treated
with 0, 0.1, or 0.25 μM of each TKI for 4 h (A) or with the in-
dicated concentration of vandetanib for 4 h (B). Cell lysates
were analyzed by immunoblotting with antibodies to pRET
or flag-tag.
Table S1 KIF5B-RET mutations in nintedanib-resistant cell
lines derived from BaF3/KR cells*.
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